Purpose: To investigate hand-held optical coherence tomography (HH-OCT) characteristics of small (<1 mm thickness) retinoblastoma.
tumors admixed with retinal detachment and seeding, making the histopathologic determination of retinal layer of origin difficult. 3, 4 Moll et al 5 reported the histopathology of retinoblastoma in 61 eyes, some with less extensive tumor burden, and images from that report possibly indicate the inner nuclear layer (INL) as the retinal layer of origin. Gallie et al 6 also reported histopathology of small retinoblastoma, demonstrating the INL as its site of origin, and this was corroborated by studies in a mouse model. [6] [7] [8] [9] Despite these histopathologic observations, questions remain regarding retinoblastoma retinal layer and cell of origin. 10 In a clinical practice of retinoblastoma, new imaging modalities, especially high-resolution optical coherence tomography (OCT), have enabled in vivo analysis of tiny retinoblastomas. Specifically, hand-held OCT (HH-OCT) has permitted precise tumor monitoring for growth, relationship to the foveola for prediction of visual potential, response to therapy, and even detection of subclinical or "invisible" retinoblastoma. It is possible that HH-OCT might allow specific localization of retinoblastoma to an anatomic layer in the neurosensory retina if the tumor is imaged early in its development. Previous small-cohort HH-OCT studies have suggested the INL [12] [13] [14] [15] [16] or outer nuclear layer (ONL) 17, 18 as the layer of origin for retinoblastoma tumors but have lacked specific imaging features to differentiate from other small intraretinal lesions. Herein, we describe our experience with HH-OCT characterization of minute (less than 1 mm in thickness) retinoblastoma to determine retinal layer of origin. In addition, we review other microanatomic features of small retinoblastoma on HH-OCT and expand its role in the management of retinoblastoma.
MATERIALS AND METHODS
This retrospective observational case series included patients with retinoblastoma examined and managed in the Ocular Oncology Service at Wills Eye Hospital at Thomas Jefferson University in Philadelphia, PA between April 2012 and January 2017. Patients with retinoblastoma smaller than 1 mm in thickness, detected and measured by HH-OCT, were included. Patients were excluded if their HH-OCT scan was not of sufficient quality to allow for a layer-by-layer analysis of the retina and tumor. Twenty tumors from 16 eyes (15 patients) were included.
Patient data were extracted retrospectively from medical records and included patient age at diagnosis (months), sex (male or female), and race (white, African American, Hispanic, or Asian). The ocular features included visual acuity, tumor laterality (unilateral or bilateral), tumor location (anteroposterior location), tumor largest basal diameter (mm), tumor thickness (mm by ultrasonography), distance to the foveola and optic disc (mm), and associated ocular findings (vitreous seeding, epiretinal membrane, cystoid retinal edema, subretinal fluid, subretinal seeds). International Classification of Retinoblastoma (ICRB) grouping was identified for each affected eye and primary treatment modality with either intraventous chemotherapy (IVC) or intra-arterial chemotherapy (IAC) was documented.
Hand-held OCT was performed using the Optovue iVue portable OCT (Optovue, Fremont, CA) at initial and follow-up examination under anesthesia. Scanning protocol included crossline scans (6 × 2 mm) through the tumor, with each linear scan bisecting the tumor through its epicenter. The tumor epicenter was localized at the time of imaging using the live HH-OCT en face infrared image in conjunction with the live HH-OCT b-scan. Given the small size of these tumors, the epicenter was easily found. The cross-line imaging provided horizontal and vertical scans through the tumor, but an occasional oblique scan was obtained to capture the foveola and tumor. This was accomplished by simply rotating the machine. All images included visualization of the vitreous-internal limiting membrane and choroid-scleral interfaces. Digital calipers, included in the HH-OCT software, were used to measure tumor width, tumor height, retinal thickness at tumor epicenter, choroidal thickness at tumor epicenter, and when possible, tumor distance to the foveola. Caliper measurements were agreed upon by 2 of the authors (R.J.W. and R.R.). Tumor dimensions were recorded as largest basal diameter and thickness, whereas retinal thickness and choroidal thickness were both measured at the tumor epicenter and defined as the distance between the inner border of the internal limiting membrane to the inner border of the retinal pigment epithelium and the outer border of the retinal pigment epithelium to the choroid-scleral junction, respectively. Specific HH-OCT features recorded included vitreous seeding, vitreoretinal traction, epiretinal membrane, tumor calcification, optically empty spaces, cystoid retinal edema, intraretinal exudation, subretinal seeding, subretinal fluid, and retinal pigment epithelium detachment. Retinal layer of origin was identified for each tumor by analyzing HH-OCT features at the tumor epicenter and at the interface of uninvolved and involved retina near the tumor margin. This layer of origin analysis was initially performed independently by 3 of the authors (R.J.W., E.A.T.S., and C.L.S.) followed by a consensus discussion for each scan. The features of individual retinal and choroidal layers were also noted and 9 (60) 6 (40) 13 (86) 1 (7) 1 (7) 1 (7) 14 (93) 13 (65) 7 (35) 15 (94%)
recorded as normal, irregular, or not visible or distinct. All data were tabulated in Microsoft Excel 2016 and measures of central tendencies (mean, median, range) were obtained using its built-in functions. Pearson correlation was performed to assess tumor width and tumor thickness and to assess tumor size with patient age, distance to the foveola, and distance to the optic disc. Multivariate analysis was not possible because of the small sample size. A P value less than 0.05 was considered statistically significant and Pearson r was reported.
RESULTS
There were 20 tumors from 16 eyes of 15 patients included in this analysis. Patient demographics are listed in Table 1 . Mean patient age was 4.1 months (median, 4.4; range, 0.5-11 months) and most were white (13/15, 86%) with bilateral (14/15, 93%) involvement. One eye had 3 small retinoblastomas included and 2 patients had bilateral small retinoblastomas included. There was 1 ICRB group C and 1 group D eye, both with inferior retinal detachment and subretinal seeding. The small retinoblastomas included from these eyes were away from the area of subretinal fluid and unlikely to be subretinal seeds.
Clinical features are listed in Table 2 . The tumor location was macula (9/20, 45%) or macula to equator (11/20, 55%). Mean distance from tumor to fovea was 2.8 mm (median, 2.8; range, 0.2-8.0 mm) and mean distance from tumor to optic disc was 3.7 mm (median, 3.2; range, 0-7.0 mm). There were 19 tumors that were previously exposed to a single session of IVC (18/20, 90%) or IAC (1/20, 5%) before imaging, but 1 tumor (1/20, 5%) was treatment naive. None of the tumors had prior consolidation with any form of focal therapy.
Hand-held OCT characteristics are listed in Table 3 . At imaging, mean tumor largest basal diameter was 2.2 mm (median, 1.9; range, 0.7-4.1 mm) and mean thickness was 468 µm (median, 441; range, 151-998 µm). Regarding HH-OCT characterization of layer of origin, the retinoblastoma arose from the INL in 19 tumors (19/20, 95%) and equivocal (INL versus ONL) in 12 (75) 1 (6) 1 (6) 0 (0) 1 (5%)
(90%)
1 (5%) 0 (0%) 1 (1/20, 5%). Two important HH-OCT observations were documented including the "fish tail" sign and "shark fin" sign (Fig. 1) . The "fish tail" sign represented gradual splaying or expansion of the hyporeflective INL at the tumor margin, found in 19 tumors (19/20, 95%). The "shark fin" sign represented a pointed crease in the OPL and ONL at the tumor margin, found in 15 tumors (15/20, 75%). The "fish tail" sign (ie, expansion of the INL) was seen concurrently in all scans with the "shark fin" sign (15/20, 75%) (Fig. 2) . Intratumoral microcalcification on HH-OCT, depicted as pinpoint hyperreflectivities with posterior shadowing, was present in 14 tumors (70%) (Fig. 2) . Vitreous seeding, vitreoretinal traction, epiretinal membrane, optically empty spaces, cystoid retinal edema, intraretinal exudation, subretinal seeding, subretinal fluid, and retinal pigment epithelium detachment were not observed in any case by HH-OCT. The remaining findings by HH-OCT are listed in Table 3 .
Tumor height was plotted against tumor width yielding a significant linear relationship (P < 0.001, Pearson r = 0.89) with height equaling approximately one fifth the basal width (height = 0.21 × width). There was no correlation between tumor size, tumor location, and patient age (all P > 0.05).
DISCUSSION
There have been several reports regarding HH-OCT imaging of retinoblastoma. We have contributed 2 new findings that aid in tumor description: the INL "fish tail" and ONL "shark fin" signs. These signs are suggestive of retinoblastoma layer of origin and the combination is not generally found with other retinal tumors. The INL "fish tail" sign on HH-OCT described herein is perhaps most helpful in identifying INL origin of small retinoblastoma as the incipient tumor widens, or splays, the INL like the tail of a fish. This is especially apparent in tiny retinoblastoma, localized to a single retinal layer.
14 Even in the smallest tumor in our study and the only treatment-naive tumor, measuring only 151 µm in thickness, the "fish tail" sign was evident (Fig. 2B) . On the contrary, other reports have provided compelling images suggestive of ONL origin for retinoblastoma; however, we question if these cases could have originated in the INL with invasion into the ONL.
17,18
The ONL "shark fin" sign also supports INL tumor origin as the solid mass occupies and expands the INL with displacement of the retinal tissue laterally leading to a hyporeflective wave in the ONL and a kink or crease in the OPL. Immediately above the OPL kink, the INL expansion ("fish tail" sign), albeit distorted, is often noted. Below the OPL kink, the tissues of the ONL are laterally displaced as the tumor invades the ONL. Images from previous reports have demonstrated a small ONL "shark fin" sign. 15, 17 There is a shortage of literature regarding the histopathology of small retinoblastoma owing to the fact that these tumors are usually managed with globe-saving methods. The rare case of histopathology of a small retinoblastoma has suggested tumor origin in the INL with ONL invasion, as seen by HH-OCT in our study. 6 Other histopathological studies support this observation through their illustrations showing expansion of INL at the margin of a large tumor and INL origin with ONL invasion of a small retinoblastoma. 5 Going further back into history, an 1897 histopathology drawing of retinoblastoma from Wintersteiner The HH-OCT features of small retinoblastoma described herein, specifically the INL origin, INL "fish tail" sign, ONL "shark fin" sign, and intratumoral microcalcification, can help distinguish small retinoblastoma from other small or subclinical retinal tumors. A recent study on clinically invisible small retinal hemangioblastoma demonstrated OCT findings showing ganglion cell layer or INL origin with posterior bowing of the OPL. 36 There was no calcification and no ONL "shark fin" sign. As hemangioblastoma enlarges, lateral expansion could lead to retinal folding similar to a "shark fin" sign. Retinal astrocytic hamartoma can exhibit calcification on OCT, but this benign tumor generally localizes to the nerve fiber layer and can have a "moth-eaten" appearance, which facilitates the distinction from retinoblastoma. 37 Optical coherence tomography of combined hamartoma of the retina and retinal pigment epithelium demonstrates a dense preretinal fibrosis or epiretinal membrane causing a saw-tooth (micro-folded) pattern in the retina or complete retinal folding (macro-folded), far different than retinoblastoma that shows no vitreoretinal traction. 38 Congential simple hamartoma of the retinal pigment epithelium is a rare small pigmented tumor with abrupt margins, located in the perifoveal region, and shows crisp, deep shadowing on OCT. OCT orientation) . B, On HH-OCT, the tumor is hyperreflective measuring 1.29 mm in basal dimension and 296 µm in thickness. The "fish tail" sign is a gradual expansion of the hyporeflective inner nuclear layer at the nasal and temporal margins of the tumor and outlined as a dotted box in C. The "shark fin" sign is seen nasally with a kink in the outer plexiform layer and wave-shaped displacement of the hyporeflective outer nuclear layer, outlined as a dotted circle in C. 19 (95) 1 (5) 19 (95) 15 (75) 14 (70) 15 (75) 0 (0) 5 (25) 6 (30) 3 (15) 11 (55) 7 (35) 3 (15) 10 (50) 0 (0)
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13 (65) 7 (35) 0 (0) 11 (55) 9 (45) 0 (0) 20 (100) 0 (0) 0 (0) 2 (10) 18 (90) 1 (5) 14 (70) 5 (25) 17 (85) 3 (15) 0 (0) 2 (10) 18 (90) The INL "fish tail" sign is seen at both margins. The ONL "shark fin" sign is seen temporally. I, Small retinoblastoma with (J) hyperreflective mass and tiny foci of microcalicification. The "fish tail" and "shark fin" signs are seen at both tumor margins, but this case showed a double ONL "shark fin" nasally. K, Small retinoblastoma (L) with hyperreflective mass and "fish tail" and "shark fin" signs at both margins, but most pronounced inferiorly, near the foveola.
evidence of tumor regression, representing retraction clefts in the inner nuclear and outer nuclear layers, respectively. Nevertheless, we do not feel as though exposure to a single session of chemotherapy changes the discussion regarding retinoblastoma retinal layer of origin as minimal or no change is seen in tumor morphology, especially in tumors of such small size. Ideally, a study assessing tumor layer of origin could be conducted in treatment-naive eyes; however, the logistics of urgent retinoblastoma care and unnecessary anesthesia for HH-OCT imaging limit the ability to sedate all new patients to perform such a study.
Regarding whether tumor microcalcification is present before chemotherapy, histopathology analysis has shown that retinoblastoma cells are prone to ischemic necrosis and subsequent calcification when the growing cells extend 90-110 µm from a blood vessel. 40, 41 Given the mean tumor base in this study of 2.2 mm and mean tumor thickness of 468 µm, it is understandable that even small tumors such as these can exhibit calcification before chemotherapy.
Regardless of whether retinoblastoma originates in the INL or ONL, most of the tumors secondarily disrupt the OPL. The correlation between tumor height and tumor width may explain this affinity for the OPL. The tumors in this report grew tangentially (tumor width) more so than radially (tumor height), with tumor height approximating one fifth of tumor width in a linear fashion. One explanation for this growth pattern is that tumor growth might find least resistance in the low cellular density of the OPL, allowing for tangential expansion. Tumor affinity for blood supply could also explain tangential growth. Histopathologic correlation with OCT of small retinoblastoma by Ruggeri et al 8 and Wenzel et al 9 in a mouse model suggest that small retinoblastoma growth occurs mostly within a nuclear layer and not a plexiform layer, despite OCT appearance of OPL involvement. 9 The similarity in optical reflectance between small retinoblastoma and plexiform layers imposes limitations on interpretation.
In summary, HH-OCT is useful in characterizing sub-millimeter retinoblastoma and these data potentially indicate that retinoblastoma originates in the INL. We have delineated 2 new signs of small retinoblastoma including the INL "fish tail" and the ONL "shark fin" signs. These HH-OCT features, along with tumor microcalcification, can help distinguish small retinoblastoma from other retinal tumors.
